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Abstr a ct
Global s atellite estim ate s of a nn ual in cident and te restri alv egetation
- abso rbed
photosynthetically a ctive r adiatio n(P A R, 400
1700n m)ar e e v alu ted fo rthe 11years fro m
1979to198 9. Thedata s ets w e rederiv ed fro mNimbtlS-7 Total Ozo n eMapphgSpectr o m et r
CT O M S) and N O A A Adv an c ed Ve ry High Re s olutio n Radio meter(A V 召R R) obs e rvations･
The m e an an nualtotal P A R inciderlt at theEarth
'
s su rfa c ebetween 60oN and60
oSlatittldesis
estim atedtobe1.26Ⅹ10
6EJ
,
ofwhich9.17x105EJ(73%)isincide nt o n o c e an surfac es and
3.42Ⅹ･10
5 EJ(27 %)is incident o n te m stri als u rfa c e s. A l･7 % re血ctio nin n orthe m
hemispher e(60
oN -Oo)incide ntP A R in 1982 is attributed to cha nges in clo ud am o unt a nd
distribution ass o ciated withEI N i丘o- So udle r nOscillatio n c o ndit ons andpo s sibly a e ro s olsfro m
the1982 EI C hich6n v olc anic eruptio n･ The estim ateda n n ualtDtal P A Rabso rbed byte restri al
v egetatio n(A P A R)betw ee n60
oN a nd 60oS isl･10 Ⅹ 105 EJ, or 8･8 % oftotal inciden tP A R
(11-ye arm ea n s). T he obs e rv edpatte r n s of dist曲udo n and v ariabilityac c o untfo rtheprima ry
且ow ofe n e rgytoglobalprim a ry pr odu ctio n1
1. btr odtI Ctio n
Lifepro c esses o nEarth, with li mitede xceptlO n S, are StlPPO rted bythe s ola r e n ergythatis
initiallyc apt ured throtlghphotoautotr ophicprima ry pr odtlCtio n･ This c apttw ed e n ergybeco m es
stor ed inthe chemical bo nds ofpla ntbio m as sandc o mprlSe S血eba sic e n e rgyres e rv oirfo rthe
plan eta ryfo od w eb･ P rim a ry prodtlCtio n als oinnue n ces the state and fun ctioning of the
bio sphe rethr o ugh linkage sto physicalpr oc ess e s of the Earthsyste m ･ in cludingthe glob al
bioge o chemical, hydrologicala ndntltde ntcyclesA
T he am o untofP A Re n e rgyabso rbed･byte rrestrialveget如o n ov erapartic ular tim einte rval
(A P A R, MJ m
L2)m aybe c o mputed as
A P A R= F A P A RI S, (1)
:e
h
g
e
e
r
t
e
at7oAnPc35eirs
,
Aed富Tshi:?.ftalinc&ntn:思孟b(
s#md12?7篭eptheoliosFyEith%cIFsleam=etasslfeh.a,
the c apa cityofthe v egetadoninthe obs e rv ed landsc apetointer c ept a nd abs orb incide ntP A R,
andis clo s ely relatedto gr e e n-le af bio m a ss andleafare aindex(L Al)･ TheS term defin es the
am ount of P A Re nergythatis av ah ble fo rinter ceptio n and absorpti o n. The produ ct of
F A P A Rand P A R dete min esthe am o u ntofe n ergydive rtedtothe pn m ary produ ctio nproc e s,
andreflectsthe c ombined influence ofv egetation cover ands ola rclim ate･
Glob alpatte r ns of in cide nt and abs orbed P A Rc anbe effectiv ely estim ated a nd m onitored
on aglobal ba sis u sing s atellite re
.
m ote se nsingtechniqtle S[Dye and Go w a rd, 1 993]･ This
pape rr epo rts on aniniti ale x血 n atlO n Of the glob alspac e
-tim e patte rn singlob al in c derLtP A R
andte rrestri al A P A R.
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2. Data a nd Methods
2.1 In cide nt P A R
A data s etc o n sitingofm o rIth lytotalofin cide ntP A Rw asprodu ced in e arlier work[Dye,
192, Dye and S hibasaki, 199 5]using370n m r eflecti vity m eas u rem e ntsfr o mthe N imbu s
-7
Total Oz o n eM apping Spe ctr o meterCr O叫S) 田ck and Dye, 191】･ T he data set
'
s original
spatialres olutio n ofl
o
冗 1.25o(latitude xlongitude)w a s cha ngedtol
o
冗 lofor c onsiste n cy with
the F A P A R data set The res olution pha nge w as m山e by c o mptlting the spati al1y w eighted
a ver age of e a ch original-r e s ol 血on gri dcen ov erhpplng e a ch l
o
x lo gri dc ell･ T his study
c onsiders o nlylatitude sbetw e e n60
oN a nd 60oSto avoid inc onsiste n cies am ong m onths c aused
by mis slngO rPO SSibleice o r s n ow - c ontaminated obs e rv atio n sathigherlatitude s･ T he su rfac e
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m orethan 14-ye ars丘o m Nov ember1978u ntil Mar ch 1993･ The perfo rm an ce ofthe TO M S
instru m e nt
,
ho w e ver
,
de clin ed after198 9. T his study e xamines datafr o mthe pe riod1979to
1989.
2･2 PA RI Abs o rptio n Capa city of Vegetatio n Co v e r
Fieldand m odelingstudieshav ede mo n str atedthat a stro ng, n ear-lin e a r rehtio n ship■e xists
b
.
etw e e n re m ote se n sing-deriv ed m e asw e m e nts the n o rmaliz ed diffe r e n c ev egetatio n inde x
(N D Ⅵ) 皿 d F A P A R. The d n e-series, glob al-cov erage ND V Iestim ate s available fro m the
NO A A A V E R Rs e n s o rp ovide an effe c也v e m ean sfor e stim atingF A P A Ron aglob al ba sis
【Dye a nd Cow ard, 193]. An existing glob aldata set of m o nthlyF A PA Rvalu es w a s adopted
forthis study. T he F A P A Rdぬ s et w a spr odtlC ed by Mr･ Siets eLo s and others atN A S A
Godda rd Spa c eFlightCpnter a spart of_the hter n ationalSatellite Land Su rfac eClim atology
Pr oject(IS L S CP)h ita加eI血ta cole ctio n effort[Sellers etal･ , 1994]･ Glob al F A P A R data
fro mth is s o u rc e are ct m ntly a vauablefo rtw oye ars, 1987and1988･ M o nthly a v er agesfor
the s eye a rs w e r e av r aged for th is analysis. Be c a u s eF A P A Rpatterns ar ea s s um ed invaria nt,
any obs e r v edvadado ns in APA Rare atd butableto v ariatio n sinincidentP A R･ ･
Altho ugha dec ad alscale glob alar chiv e of calibr ated N D Ⅵm e a s u re m e nts fro m the
A V H R R is a vailable
,
applic atio n ofthe.
datato 血o nitorlng mter a n n ualv ariationsin F A P A R is
hinder ed by difBc ultiesin s epar ating the re siduale飴cts of clo uds and other atm o spheric
s o u r c e s ofc 甲minatio n(ae ros ols, waterv apo r)&o m realchang?sin v egetation prope rties･
T he pr oble m lS Particd 町1y ac utein s easo nally o rperemi al1y m o ISt S ubtropicala ndtr opical
reglO n S, Wher epersiste r[t clotLdcove r redu c es.the effectiv en es stim e
-c omposite m ethods for
redtlCing clo tld c o ntamin atio n･ Itis n ote w o rthy that whe rea s atm o spheric effects c onstitute
noisefo rthe ND Ⅵ,theyc o n stittltetheta rgetsignal intheT OMS U Vr efle cti vitydata sin c ethey
a cco Ⅶ1tfor v ariatio nin atm o spherictr an smissio n of P A R. U mi 1 the proble m of atm o spheric
effe cts on glob al,tin e-s erie sN D Ⅵobservatio ns c anbefurther r esolv ed, iiislikely thats ubtle
v ariatio n sin incide ntP A Rm ay be dete cted with gre a:tar certaintyth an subtle v ariatio n sin
F A P A R
,
atle astfo r s n o wand ic e一 丘ee su rfa ce c o ndit o n s.
3. Re sul ts a nd Diさc u s sio n
3.1 In cide nt P A R
T he potemi al(cle ar-sky) distribution of a nn ualtotal P AR at the Earth
'
s s urfa c? is
determined bys e as o nalva riatio n sin Ea rth-s undistan c e and latifudinaland se as onalv ariat1 0 n S
insun- e arthge o m etry. In 也e absen c e of variable clo uds a nd aero sols, incident P A Rw ould
de c re a s eas ev engradie ntfro mthe tropic sto the poles･ Se a s onalandgeogr aphic v ariationsin
clo uds a nd ae ro s ols, how e v er, interact withthe potentialpattern, r es ulting in the obs e rv ed
distributio n ofa mualtotal P A R(Fig･ 1)a ndspace-tim e dyn amics(Fig･ 2a). In the equ!tori al
region s, pere nially abundant cloud cov er s ubsta ntially r edu c e sP A Ratthe surfa c e relativ etO
the global m 姐im um pote ntialam o u nt･ 7 be gre atest a n n ual amounts of P A Rar ere c eived at
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直写o8
FigtLrel･ Me an ofaTlnualtotal P A R forye ars 1979to 1989, excluding1982and1983･ Estim ates arebased
o n37 0n m rcfle ctivity data丘o mNimbllS- 7 TOM B.
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F igtl r e2･ Te mporaland latitudinalvariatio nin n lO nth 1yl
o
z o naltotals of(a)･in cident PA R, (b) terrestrial
incidentPA R
,
a nd(a)teTre Stri alabs orbed P A R(A F A R),
s ubtropical latitudes in z o nes characteriz ed by atm o spheric subside nc e, T hese a reas ar e
as so ciated withm aJO r ari dr egio n s Oftheglobe.
For the l トyear obs er v ation period, the me n of 也e total an n ual P A Rreceived at the
Earth's s u rface(60
oN -60oS)is1.259Ⅹ 10
6EJ(1 EJ= 10
18J). The mi u m v alue of 1.250Ⅹ
106EJo ccu rred in 1 98 2, and die m a Xim t mvalu e of 1.263x 10
6 EJocc u rred in 198 6. The s e
values repr e se ntthe m axim um e n e rgyavai1able an n ual1yfo r nse inphotosynthe sis a ndprim a ry
pr oductio n. T he effectiveincidentP A R, ho w ev er, wo uldbelesstha 皿the total in cide ntP A R
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whe n taking into acc o u nt P AR r ec eiv ed when photosynthesis is r estricted by fre ezi ng
te m peraturesA
T hetim e series ofa n ualtotalglob al P AR show s n o strongdec ad altrend(Fig･ .3a). The
yea r1982, ho w e v e r, is m arked by an a n o malollS r edu ction in P A R, w hich is partic ularly
pr o no un c ed inthe n o rthem hemisphere(Fig. 3a,b)･ Atle a st tw o e v e nts ofglob alsignific an ce
o c cu rr ed in 1982 that m ay acc o untforthisano malous reductio n･ On eisthe ons et of a m ajor EI
Ni五o/So uthe m Os cillatio nevenithatcarriedov efinto 1983. E N S Oc o nditio n sar e chara cteriz ed
in partby r egion al change sincloudin ess,.
notably a shiftin clo ud c o ver(and s e a stlrfac e
temper attm)丘o mthe w e ste r nto the eastem tropical Pa ciflC Oc e an･ Another no table e v e nt in
1982 w as the e ruption of M 由co
'
s EI Chich6n v olca n o,
.
w hich relea s ed alarge volu m e of
aer o s ol m aterial into the atm o sphere andreduc ed thetran s n lSSiv lty Of the atm osphe re.
Fr o m a n analysis of the geogr aphicdistributio nofye arly an o malie sin an n ualtotal P A Rrelative
to a1979-1989 ba s eperiod(excluding1982and1983), the m a xim um obse rv ed de viatio n s
occ u rin 1982a nd 1983 in thetropical PaciflC Ocei m(Fig･ 4)I Thelarge n egatlV e anO malyin
the tropical Paci五c Oc e a nin 1983 is evi de ntlyc o u nterbalanc ed by po sitive an o malie sin other
r egi ons, S u Ch that the effe ct o n血eglobaltotalP A R isles sthan in 1982･ T he obse rved P A R
an o malie sin thetr opical Pad 五c Oα a n a mgen erally?o nsite nt withthe cloudc o v eて Shifts
a sso ciated with E N S Oc o nditio ns. Po s sibletelec o n nectl O n S Of an o malie sin othe r r egio n stO
E N S Oconditons r equire s additonal inv e stigatio n･ Atm o spheric miⅩmg m ay c atlSe the
pote mi alef6ects of EI C hic 6n a ero solstobe m ore spatial1yho m ogeneo u stha nE N S Oeffe cts,
particularly o ver the ann ualperiods repre s ented her e, a nd thusles s r e adilydete ctablein the
an o m aly m aps.
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Figu r e3. Time serie s(1979-1989)ofa n nllaltotalsurface-incideTLtPARfor(a)60cN to 60
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3.2 0cean a nd Ter r estrial.in cide nt PA R
The calc ulated 11-ye ar(1 979- 1989)m e a n s ofa nnualtotal P A R incide ntfor the terr由trial
Andoc ean s urfac e s(60
oN -6 0oS)are3.42Ⅹ 10
5 EJ(27 %oftotal) and 9.17x 10
5 EJ(73 %of
total), r espectiv ely. T he s e calculation sinv olved r efer e nc eto Matthew s
'
[1983] glot)ai 1
o
v egetatio n mapfordiscrim inatingland and cc e ana re a s. The keyfactors thatinflu e n c ethis
distributio nbetw e nland and o cea naq etheproportio n and latitudin al distri butio n of land and
oc e an su rfa c e are as (Fig. 5), and land-oce a ndiffe ren c e sin clo ud c ov er distributiozl and
sea s o n ality.
m e ge ographicalc o nfigu r atio n of theland m a ss e s and as s o ciated seas onalcloudpatte rn s
c a us e sthe spa c e-tim epatte r n ofterrestri al incide ntP A R(Fig. 2b)todiv e rge m arkedly 丘o m the
global(land＋ o c e an)patter n(Fig･ 2a)I Thepr opo rtio n oflandin s o uther nhemispherelatitudes
declines r apidlyfr o m abo ut23 % in thetropic z o n eto O %n ear55
oS htitude
,
which m arks the
s o uthe mm o ste xtentoftheSo uth Americ an c o血 e nt. No signiflC ant_la nd a re aoc c ursbetw e en
55oS a nd thebeginming ofthe Antarctic c o ntlne ntatappro xim ately64
oS･ Southof the souther n
e xte nt of Au stralia at about40oS latitude
,
te rre s出al incide ntP A R isli mitedpri mi 1yto that
interc epted by so uthe r n Arge 血 a and Tie rra del Fu ego in South Americ a, aJld is abse nt
altogetherbelo w55
oS latitudein the60oN -60oSstudyarea(Fig･.2b). h bothpr oportionaland
abs olute term s
,
the gre atestland su rfac ear e as ∝ c ur at mi ddle atitudes in the n orthem
hemisphere,betw ee nabo ut15
oN and 50oN(Fig. 5). h this regio nofthe norther nhemisphere,
landc omprlSeSbetw e en abolt40 %to60 %of 也etotalz o nals u rfac ear e a. T hehighest an n ual
am o unts ofter e stri al inc dentP A Ro ccu rinthis regio n. A distnctglob alpeak of betw een 500
a nd 60 EJperl
olatitude o c c ursinthe s u m m er m o nths ne ar30oN･ Thispe akis a血butable to
the co mbin ation ofe xte nsiveland area c oincide nt withthe oc c urre n c eof z one sofatm ospheric
slbside n c e a s sociated withm ajo rde s erto rari dr egio n s. The stro nglatitudinalc ontra stin the
se as o nalityofte rre sth al in cide ntP A R isals o appa m nt. Tropical 1atitude s ar e char a cterizedby a
steady m onth ly rate of e n ergyre ceipt, with s eas o nalityin cre asing steadily with inc re asing
latitude.
Separ atio nofthe globaltotal annual P AR figu resinto o c e an andte re strialco mponents
pe mitstheirinter a n n ual dyn amic stobe e valuated independe ntly･ The tim epatte rns of incide rlt
P AR fo rland and oc ean areas(Fig. 6)suggestthatthe 1982-83 E N S Oe v e nt(andpo s siblyEI
C hich6n) had a pron ou n ced effe ct o n the P A Rregim e in both oce an and terr estrial
en vir onm ents. Thelikelys o u rc eforthe aJIOmalo u sr eductio nin terrestri al P A R is observed in
1985(Fig. 6b,d)ca u s e re main stobeide ntified.
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Figu re6. Tith e seri sfor197 9
-1989of an n ualtotal incident P A R for(a) ∝ eaJI Surfac es(60N -60S), O,)
terrestri alsurfaces(SON-60S),(c)n orther nhemisphere oc eans(O
o
-60oS), and(d) n orthernhemisphe r eter restrial
stdac es(O
o
-60oN).
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co rr e spondsto8.8 %of theglob altotal incide ntP AR and32.3 % ofthetotalterre stri alin cide nt
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5
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丘gu res a ssu m ethe Ilointer annualvariatio nin m onthlyF A P A Rpatter ns, a sdis c u ss ed a rlier.
By defi nitio n, AF A Rat a give nloc atio n and dm e is dependent o n the sim ultan e o us
m agnitude of F A PAR and P A R(Fig･ 7)･ h effe ct, each v ariable s cale sthe othe r. H igh
incide ntP A Rc oin cident with lo w F A P A R(e.g･ alo w or mi d-latitude desert)pr odu ceslow
A P A R∴ Co n ve rs ely, highincide ntP A Rc oin cide nt withhigh F A P A Rpr odu c e shighA P A R
(e･g, lu sh, irdgated c r oplandsin a n ari dregion). Globalpatte rns inA P A Rthus c ann ot be
re止ably predictedfr o mkn o wledge ofeitherF A P A RorP A R alon e.
The c o mbin atio n of dis c rete F A P A Ra nd incidentP A Rpatte m sr esultsin a spa c e-tim e
patter nforA P A R(Fig1 2c)thatisdistinctfro mthe compo nentF A P A Rand P A Rpate m s(Fig.
2a
,
b) Dye and Go w ard, 1993]･ T hai equatOd al beltbetw e en appr o由 m ately lO
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northe rn hemisphere stLm mer m o nths (200-280 M Jm
-2
m o
ll
). T he relativ e pa ucity of
vegetation coverr elativ eto a v auableP A Rand land surfa c e arelain the s ubtr opical beltbetw e e n
aboutlOoN a nd 30Q N latitude s results ha relativelylo w zonal ･av erage A P A R(50- 100 M Jm
'2
m o
-1
)･ The s elatitudes oflo wphotosynthetic a ctivityfo m in effect age ographical buffe r z o n e
betw e e nthe s e a s onallyinte nsive pr odu ctivity in the n o rthe m te mperate latitude s and the
pere n nially pr odu c也v etr opics.
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Thehm e
■
serie s ofa nnualtotalte res也al A P A R(60
oN -60oS)e血ibits n otableirlter an n ual
v ariatio n(Fig. 8). Theinnue n ce ofthe E N S Oandpo s sibly EI C hic 6n-r elated reductio nin
in cident P A Ron terr estri al A P A R in 1982 is evide nt. Tbe tin e s erie spattern ofterre strial
incident P A Randterr estri al A P A R, ho w e ver, a r edistin ct&o m one another. Althoughthe
m onthlyF A P A Rpatte rn sare fi x ed in th is analysis,itis re ason ablefor theinciden tP A Ra nd
AP A R tirn epatte mstobe un 1que ･ T he diffe re n c es m ay arise fro minter an n ualv ariationsin
spa血1 distri butio n of incide ntP A Ro ver伽 fix ed m onthly F A P A R fields･
･A coⅡ 皿 On dm e
pattern w ould be e xpe cted o nly inthe un1ikely s c enario'that variatio n sillin cide ntP A Rare
perfectly and po sitively co rrelated inlocatio n andtirrM5 With the fix ed m onthly variatio n sln
F A PA R.
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4. D isc us sio n a nd Co n clu sio n s
The r es ults r eportedinthispape rco n stitute aBrsts atellite-ba sed e x amination of the global
receipt a nd biological div ersion ofphotosynthedcal1ya cdv e r adiation･ T he obs er vedpattem s
define the energyba sis for glob alp血 a ry pr odu ction and biospheric fun6tio ning･ The
obse rved interaJ n ualvariatio n s a ndtre nds
,
ifc o nfin ed
,_m ay ha v e sigmific antinflu en c eo n
glob alpatte m s ofpri m ary pr Odu ctio n･ Thisinnu ence m ay o c c urdire ctlythr o ughfluctu ations
in the en ergy flow to photo synthesis, an
J
d indire clly through relation sto othe r clim atic
variable s, s u ch aste mper atu r e andpr ecipitation, thatinnue nc egr o wth andprodu ctio n,
A li mitadon of the pre s e nt analysis is the lack of ac c o un ting fo rpos sible inter an n ual
va ria:tionsin F A P A R. Re m o valofclo ud c o nta Ⅱ1in血 o nfro m tim e -series ND V Iobse rv ation s
w hile maintainingse nsitivityto realv ariatio n sin v egetatio nc o nditio n sis aye xing pr oble m. in
re mote se nsing, par血ula rly ins e aso nal1y o rpere mial1y cloud
-pro n e reglO n S･ Tim e-se r l e S
global NDVI data that are s ufrlCie ntly 丘e e of cloud or other atm o spheric c ontamin ation are
c riticalt oenable reliabledetectio n of interannnalvariabilityinF A P A R
hcide ntP A Rand A P A R‾data ar etypical1y required fo r applicatio nto physicallyba s ed,
m echanistic m odels ofprim ary pr od11Ctio n･ hcident or absorbed P A Rm aybe usedto predict
rates ofc a n opy photo synthe sisbas ed o n a specifiedphotosynthetielight- r espon s e c u r v e[e Ig. ,
Gow ard a nd Dye, 1987] or by ac cou ntingfo rthe o v erall
"
efacie n cy
”
with which tirne-
integrated A F A R is co nve rted to dry m atter [e･g･ , P rince
.
et al
l
1 991]: Reliable
paraJneteriz ation ofstl Ch m odels o v er theglobalrange of vegetation Physiogn o m lCtypes and
chm atic c o nditions, ho w ev er, re main s a m aJOr r es e ar ch h alle nge･ Given pre se ntly la rge
un
.
certaintie sin s u chpa r am eteriz atio n s, the sateute e stim ate sof the glob ale n ergyflo w into
prl m ary produ ctio nde s cribed her e m aybe am o ngthe v ariablesin which the m ost confidenc e
m ay cur rentlybeplac ed. Additio nalresearch isinprogr e sstoprovide additionalvalidatio n and
refin em ent of the s atenite P A Rand F A P A Rm e asurem e nts
,
and to a chleV e animproved
qu antitativ e a ss e s sm ent of the distri butio n a nd dyn amic s of global oce an a nd terre stri al
produ ctivity.
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